We investigate a new hybrid exciton state which arises when a regular array of semiconductor quantum dots is placed in an molecular organic medium. The new eigenstate arises owing to strong dipole -dipole coupling of the Wannier-Mott transfer excitons of the dots, and the Frenkel excitons of the organic molecules. The new state has a large oscillator strength (Frenkel-like) and a large excitonBohr radius (Wannier-like). We examine the dependence of linear and non-linear optical responses upon dot radius and interdot separation and we find that strong enhancement can occur. Numerical estimates are made for ZnSe dots in a typical organic host.
I.Introduction.
Currently, semiconductor systems of reduced dimensionality have been studied experimentally as well as theoretically with much interest [1] [2] [3] [4] . Because of confinement effects, low-dimensional semiconductor structures such as quantum wells, quantum wires and quantum dots provide many surprisingly interesting properties that have never been observed in bulk materials. In this respect, quantum dots with threedimensionally confined structures are very interesting and very attractive. The electronic structure and optical properties of quantum dots were shown to depend sensitively on the size of these zero-dimensional nanocrystals [1, 3, 4 ] .
The oscillator strength of optical transitions in quantum dots is very large in comparison with the bulk, and it increases with the size of crystallites as a result of the confinement effect on the exciton energy levels [5, 6] . This means that there is some optimum size of dots, where the optical nonlinearity has the maximum value. The array of quantum dots may help to overcome this limitation [6] since when there is a distribution of many nanocrystals together each with large oscillator strength, their mutual interaction through the electromagnetic field will provide new optical properties that are totally different from the sum of properties of single samples. Because of this interaction, we can assume that the excitons inside the quantum dots are not localized in each dot, but can propagate through the lattice as the Frenkel exciton via the mechanism of exciton transfer energy [6] . Hence we expect it will give a very large oscillator strength and very large nonlinearity.
With the quick development of technology, recently there have been a lot of attempts to prepare systems of organic and inorganic (semiconductor) nanostructures. The possibilities of using organic materials in growing semiconductor heterostructures leads us to the expectation of having some system with new unique physical properties.
Thus, it has been noted that a new type of excitonic state could be observed by using the mixing of Wannier-Mott and Frenkel excitons. In [8, 9, 11 ] the authors proposed a structure of layers with organic-inorganic quantum wells, parallel organic-inorganic quantum wires, where the Wannier and Frenkel excitons in neighboring layers interact with each other to form a new type of exciton, which has both the very large oscillator strength of the Frenkel exciton, and a high polarizability in an external field of a Wannier exciton.Recently, in [10] the interesting model of a hybrid exciton where a single semiconductor quantum dot is put into an organic medium was also proposed and the strong enhancement of the non-linearity is found for the weak confinement regime in the limit of dot radius R D >> a B (exciton Bohr-radius).
We note that when an array of semiconductor quantum dots is placed in a medium of organic material,there will be the transfer process of excitons between dots [6] , and then due to the interaction of this exciton propagation with the medium in the system some kind of new hybrid exciton state will appear. This hybrid exciton, which is the mixed state of the transfer exciton and the Frenkel exciton of the medium at resonance, also has a large exciton radius ( because of the large Wannier-Mott exciton radius) and large oscillator strength (because of the large oscillator strengths of the both Frenkel and transfer Wannier-Mott excitons), and so, we expect a very large nonlinearity. Because of the exciton transfer process, here we do not need the weak confinement regime like the case with the single quantum dot embedded in the organic medium [10] . There we may lose the confinement effect of the dots, its strong oscillator strength and its non-linearity and may face some problems of the homogeneous broadening when the spectrum changes from the discrete level scheme of confinment regime to the quasicontinuous level scheme when the radius of the dot becomes too large [5, 6] . By contrast with the array of small dots embedded in organic medium, the hybrid exciton will have the larger oscillator strength and larger non-linearity due to the contribution of both the Frenkel and the Wannier-Mott transfer excitons.
At this stage of semiconductor technology, when the semiconductor dot grown in an organic medium was achieved, we believe that it is realistic to prepare this semiconductor quantum dot array embedded in an organic medium system and thus, to have very large optical nonlinearity in such systems. In the present work we investigate theoretically the dependence of the optical response on details of dots and molecules.
II. The Model.
We consider a three dimensional array of semiconductor quantum dots placed into some organic material as a host medium.
The total Hamiltonian of the system is written as follows:
where a for the nearest dots in x, y, z direction are t x , t y , t z , respectively.Then we have for the hopping term:
Changing to k-space using the Fourier transformation:
Here d is the distance between dots, k = {k x , k y , k z } is the wave vector of excitons in the coupled dots. Then we get the total Hamiltonian (1) as:
Here G lm (k) is the Fourier transform of the dot-medium coupling constant g nlm in k
vector-space
For the Wannier excitons confined to a dot, or quantum sphere, the oscillator strengths are concentrated mainly on the low excited states. So, with no loss of generality, in order to simplify we will consider only the interaction of the lowest states of excitons;
we assume that the difference between the energy levels E F and E W are much smaller than the distance to other bands. Also for simplicity, let us suppose we have a simple cubic array of dots, i.e. N x = N y = N z = N ( the number of dots is equal N 3 ). For kd small, the total Hamiltonian (4) can be written as:
(6) describes the system of Wannier excitons and Frenkel excitons, interacting with each other. Besides the exciton energy in single quantum dots, the energy of the Wannier exciton in the quantum dot array also includes the large transfer energy between two nearest quantum dots in the array.
In the infinite confinement approximation [1, 4] , the exciton wave functions disappear at the boundary of dots, and the energy of the Wannier exciton in the spherical quantum dot has discrete values according to the zeros of the Bessel's function. The energy for the Wannier exciton with quantum number {n, l} is E
, where E g is the band gap, E b ext is the exciton binding energy,and γ nl is the n-th zero of the spherical Bessel function of l-order J l (x), which depends on the size of the dot radius R.
For the Wannier exciton state with l = 0 the energy will have the following form:
Here m is the effective mass of the electron and the hole. We will consider only the lowest state of the Wannier excitons with n = 1.
We notice that because of the confinement effect, the energy and the state of one quantum dot cannot be described by the wave vector. But the energy and the state of the transfer exciton in the quantum dot array does have the k-vector dependence and we will need to include the dispersion relation for the energy of this transfer exciton. This energy strongly depends on the value of the hopping constant t and the direction of the polarization vector of the exciton, which we will investigate in the next sections. So in our model the semiconductor quantum dot array embedded in an organic medium can be interpreted as follows:the Wannier excitons in quantum dots interact with each other to form some kind of transfer exciton propagating through the lattice. This transfer exciton in its turn is coupled in resonance with the Frenkel excitons in the organic medium to form an hybrid organic-inorganic exciton state. We use the Bogoliubov diagonalization to find the new operator:
Hence the new hybrid excited state has been written in the form:
where Ψ W (k) and Ψ F (k) are wave funtions of the Wannier exciton in dot array and
Frenkel excitons in medium, respectively, and
where E W t r(k) is the transfer energy of the Wannier exciton of the semiconductor dot array:
where i = {x, y, z}.
In term of the operators α k , α + k , the Hamiltonian in equation (6) can be written:
with the energy E(k) of the hybrid state given by the following dispersion relation:
Due to the weak dependence of the Frenkel exciton energy upon the k-vector, the Frenkel exciton energy may be taken independent of the wave vector k,
We can see from (13) that the existence of the array of dots, which results in the appearance of the transfer exciton energy E W tr (k), enhances the coupling at resonance between these two kinds of exciton. The coupling will be strong when E F (k) and E W tr (k) are in resonance. The dependence of the transfer exciton energy on the number of quantum dots in the array allows the changing the region of the resonance and also the optical properties of the hybrid exciton. So, the resonance coupling behavior depends strongly on the hopping coefficient t(k) and the hybridization coefficient G(k), which we will investigate in the next sections.
III.Hopping coefficient t(k)
The hopping coefficient t(k) is in fact the transfer energy between two nearest dots in the dot array and plays an important role in the process occurring when a dot array is placed in an organic medium. The transfer energy is estimated as the electrostatic dipole-dipole interaction between two excitons in dots. Due to the existence of "confined" excitons,each dot has its transition dipole moment, which will interact with another when the distance between dots is comparable to the dot radius. As mentioned above, for one isolated quantum dot the oscillator strength is concentrated mainly on the low excited states and so we assume that only the transition dipole moment to the lowest excited states are involved in the interaction for an array. This multipolar interaction is intrinsically strongly short-range, and dependent upon the distance between dots,so we use here the nearest neighbor approximation. Now consider the electrostatic interaction between two spherical quantum dots:
where W i (k), W j (k) are the exciton wave funtions in two dots 
r eh -electron-hole relative coordinate and r -center of mass coordinate of the exciton.
is the interaction Hamiltonian between two dipole moments in these two dots.
In reality, there must be multipolar interaction. But the higher order interaction will decrease very rapidly with the distance, so we can use the approximation with only the ordinary dipole-dipole interaction form.
(17)
where p 1 and p 2 are dipole moment operators of excitons in two neighboring dots with the separation distance d.n 12 is the unit vector directed to the straight line connecting two excitons, which due to small dot radius we can approximately treat as the one directed to the line connecting two dot centers. r 12 is the distance between two excitons.
Putting (14) - (16) into (13) and taking the integrals, with some approximation we obtain for the hopping coefficient between two spherical quantum dots:
φ nl (r) is the quantum dot exciton envelope function, µ w 1,2 are transtion dipole moment to the excited state (n, l = 0, m = 0) for the quantum dot spheres 1 and 2, respectively, f ns is the integral:
The integrals are taken over the volume of the two dots.
Assume that the quantum dots are identical and that processes occuring in each of the dots are the same, so the exciton polarization in the dots are equal and have the same direction. For the exciton polarization parallel to the direction connecting two dot centers:
For the exciton polarization perpendiculiar to the direction connecting two dot centers the hopping coefficient is equal to:
We see that the transfer energy depends strongly on the polarization of excitons.
For the transition dipole moment to the excited state (n, l = 0, m = 0) of the spherical quantum dot we have:
and
where a B is the Bohr radius of excitons. The hopping coefficient t depends on R/d, so we can change the dot separation d with respect to dot radius R in order to determine the optimum t.
IV.Hybridization parameter G(k)
The organic medium is described as a lattice with organic molecules occupying every sites.The Frenkel exciton can move between the sites. Because of the small lattice constant, the organic molecular lattice can be considered as a microscopic size lattice in comparison with the macroscopic size of the dot lattice. The organic lattice constant is of order 5Å, while the dot radius is about 30-100Å and the dot lattice constant is usually around 60-500Å. The resonance coupling of Frenkel excitons in the medium and Wannier excitons in the dot array is determined by the interaction parameter
where the interaction Hamiltonian is taken similarly to [8, 10, 11 ]
Here E(r n ) is the operator of the electric field created at point r in the organic medium by the excitons in quantum dots, P (r n ) is the transition polarization operator of the Frenkel exciton at molecular site r n of the organic medium.
If the dielectric constant of the semiconductor dots is ǫ 1 , and of the medium is ǫ 2 , the field at some point r n outside of the dot, created by the exciton in the dot located at r is:
P (r n ) is the polarization operator of the Frenkel exciton at molecular site r n ,
µ F is the optical transition dipole moment of organic molecule. The Frenkel exciton wave function is written in the form:
ϕ s (r n ) is excited state of molecule at site r n . Putting (25) -(28) into (24), we have the expression for the hybridization coefficient of the semiconductor quantum dot and the organic medium
where θ is the angle between exciton transition dipole moments of the quantum dot and the organic molecule,
The first integral is takien over the dot and the second one is taking over the volume of the whole medium.
For illustration the numerical calculation was done for some samples. Fig.1 and V.Non -Linear Optical Response.
As already noted in [6] and can be seen from (11), the Wannier transfer exciton has rather small translational mass, which depends on the hopping constant and the number of dots. This small translational mass is a reason for a large coherence length, which is related to the homogeneous linewidth of the excitonic transition.In turn, this leads to the large figure of merit of the exciton, and, associated with it, the large exciton resonance oscillator strength and nonlinearity [6] .
In the region of strong mixing, the oscillator strength of the hybrid exciton is determined as:
Both components, the transfer Wannier and the Frenkel excitons, give contributions to the oscillator strength of the hybrid exciton. Due to the confinement effect of the single dot as well as the translational exciton process between dots in the array, the Wannier transfer exciton oscillator strength may achieve the value comparable to the one of the Frenkel exciton, which is very big due to their small exciton radius and small molecular lattice constant.So, the location of many semiconductor dots in an organic medium leads to a large oscillator strength of the hybrid exciton. Being the superposition of Frenkel and Wannier exciton states, at resonance the hybrid exciton can gain very large oscillator strength and so, very large nonlinear optical coefficients from the both kind of excitons can be expected.
In the presence of an an electric field, the third-order susceptibility can be calculated using the pertubation theory [6, 7, 12] . Introduce the decay constant γ and note that the two-body interaction is not necessary between the excitons in one dot, but may be considered to arise from the interaction of excitons between the excitons in different dots. Considering only the resonance case and neglecting contributions from the other nonresonance levels we have approximately the result for the lowest optical nonlinearity of the hybrid excitons:
N F is the number of organic molecules is the medium, which is equal to V /(4/3πa Here we present some of numerical results for ZnSe dots.
In Fig. 3 the third-order nonlinear susceptibility of ZnSe quantum dot lattice embedded in an organic material was plotted for several different dot radii and dot spacings. We use here the following typical parameters of organic and semiconductor
We see that at resonance, e.g. where the hybridization is strongest, we have very high peak of nonlinear susceptibility with the enhancement of about 5 order in comparison with that of the exciton. The nonlinear coefficient is larger for smaller dots and closer spacing between them.
Summary.
In summary, we presented here the possibility of having the systems which offer a strong resonance coupling of Frenkel and Wannier excitons to obtain an hybrid exciton state with the special properties of both kinds of exciton, i.e.having the large exciton radius as well as large oscillator strength. In addition, we can control the expected resonance parameters by changing the number of dots, their radius, the distance between them, and the dot rdius and dot separation relation. We need to mention that Dr. D.
Norris suggested the system with randomness -the disorder distribution of dots, which is very interesting and important. We are investigating this.
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